The adaptation of plants to natural environments depends on the adaptation of flowering-time control at the appropriate season to set seeds. Possible molecular mechanisms underlying this adaptation have recently been revealed. In Arabidopsis thaliana, a model long-day plant, control of floral transition by vernalization and long-day floral promotion pathways is a key regulator in adaptation to different regions. A floral repressor termed FLC and a floral promoter termed CONSTANS (CO ), which control FT, a florigen gene, are key transcriptional regulators of these pathways. Recent analyses of haplotypes in accessions of A. thaliana revealed that FLC regulation by an activator termed FRIGIDA (FRI ) had been a target for natural selection. By contrast, in rice (Oryza sativa), a model shortday plant, two independent floral pathways-Heading date 1 (Hd1, a CO orthologue)-dependent and Early heading date 1 (Ehd1)-dependent pathways-control Hd3a (an FT orthologue) and flowering time. Interestingly, there is an antagonistic action between Hd1 and Ehd1 in the control of flowering time under long-day conditions, because Hd1 represses floral transition whereas Ehd1 promotes it. A wild rice species, Oryza rufipogon, has common ancestry with cultivated rice and grows wild in the tropics, yet cultivated rice is grown even in the cold regions of northern latitudes. During domestication, the adaptation of O. sativa to northern regions by artificial selection may have become possible through interactions of the two pathways. These suggest that the domestication process of rice will provide novel insights into the adaptation of plants in evolution.
Introduction
The ability to find ecological niches and adapt to natural environments is a key strategy for the ecological prosperity of plants. Regulation of flowering time under given environments has long been understood to be involved in this adaptation. Molecular genetic analysis of floral regulation in Arabidopsis thaliana has provided critical clues to what kinds of genes have been the targets for natural selection in evolution. It is, however, noteworthy that the long history of plant species may make it difficult to get clear conclusions from analysis using Arabidopsis accessions, since the natural variations at DNA levels showed their complex nature.
The domestication of crops through adaptation under artificial selection during the last 10 000 years is a good example of evolutionary processes (Darwin, 1868) . With the increasing availability of genome-wide information, the domestication of crops is becoming a good model for elucidating the elements of evolution, because changes in DNA among populations can be examined, and as they cannot be enormous its coalescent processes can be inferred. Recent molecular genetic studies and quantitative trait locus (QTL) analyses of floweringtime genes in rice have revealed several key genes involved in floral transition in the field and under laboratory conditions, and have provided enough information to allow the study of adaptation during the domestication of rice. The tremendous expansion in growing regions of cultivated rice to the north during the last several thousand years implies a strong impact of artificial selection during the domestication of rice. Analyses of flowering-time genes have given several hints to explain local adaptations in rice. There is no doubt that the study of rice domestication will provide many novel insights into the adaptation of plants in the near future.
Molecular mechanisms of flowering-time regulation of A. thaliana
A. thaliana has two forms of ecotype, winter-annual and summer-annual (or rapid cycler) ecotypes (Simpson and Dean, 2002; Henderson et al., 2003) . Winter-annual plants flower in early spring after a long, cold winter, whereas summer-annual plants flower throughout spring and summer. Molecular genetics revealed that a transcriptional activator termed CONSTANS (CO) is a key regulator of floral promotion under long-day conditions (Putterill et al., 1995) . CO functions as a transcriptional activator and promotes the expression of FT, an Arabidopsis florigen gene (Kardailsky et al., 1999; Kobayashi et al., 1999; Corbesier et al., 2007) . Transcription of CO is regulated by both circadian clocks and acute light signals. GIGANTEA (GI ) functions as both a component of circadian clocks and a mediator between CO and the circadian clocks in A. thaliana, and CO mRNA is transcribed mainly during the night (Suarez-Lopez et al., 2001; Mizoguchi et al., 2005) . CO transcription is repressed by transcription factors such as CYCLING DOF FACTOR 1 (CDF1) (Imaizumi et al., 2005) . CDF1 protein is degraded at dusk only under long-day conditions through an F-box gene termed FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) (Imaizumi et al., 2003) . FKF1 is expressed by circadian clocks around dusk. FKF1 protein is believed to be a blue-light photoreceptor and to be activated by blue light signals. Therefore, FKF1 can activate CO transcription at dusk through CDF1 degradation only under long-day conditions. These transcription mechanisms can lead to a significant amount of CO mRNA accumulation at dusk under long-day conditions (Imaizumi et al., 2005) . CO protein stability is also regulated by photoperiod (Valverde et al., 2004) . Light signal transduction of blue and far-red light mediated by cryptochrome 2 and phytochrome A photoreceptors, respectively, stabilizes CO protein before dusk only under long-day conditions, in addition to preferred expression of CO at dusk regulated by GI and FKF1. Futhermore rapid degradation of CO protein is regulated by SPA under darkness and by PHYB in the morning (Valverde et al., 2004; Laubinger et al., 2006) . These redundant regulations of CO activity make CO activate FT at dusk only under long-day conditions (Imaizumi and Kay, 2006) . This mechanism may explain why summerannual ecotypes of A. thaliana grow and flower throughout spring and summer under long-day conditions. These mechanisms appear to be insufficient to explain the habit of winter-annual ecotypes, however. To explain this requires the introduction of molecular mechanisms for vernalization into floral regulation (Mylne et al., 2004; Sung and Amasino, 2005) . A MADS box transcription factor termed FLC has been shown to be a key floral repressor of FT, which is responsible for vernalization response (Michaels and Amasino, 2001) . FLC transcription is epigenetically repressed through a Polycomb complex including VERNALIZATION 2 protein after vernalization treatment (Gendall et al., 2001) . By this mechanism, winter-annual plants germinate and grow in autumn but do not flower, owing to floral repression by FLC expression until a long, cold winter has passed. During winter, FLC is epigenetically repressed. In spring, when the photoperiod is lengthening, CO starts to activate FT, and winter-annual plants flower. This sequential regulation of FLC repression and CO activation of FT expression explains the winter-annual ecotype.
Natural variations associated with geographic distribution of Arabidopsis
The association of A. thaliana accessions with natural variations in flowering-time genes suggests that several such natural variations underlie ecological distribution (Alonso-Blanco et al., 2005; Ehrenreich and Purugganan, 2006) . Extensive molecular analyses suggest that nonfunctional alleles of both FLC and FRIGIDA (FRI), an activator of FLC, underlie some summer-annual ecotypes (Johanson et al., 2000; Michaels et al., 2003) . Several non-functional alleles of FRI are distributed widely among Arabidopsis accessions, suggesting that FRI has been a target of natural selection Shindo et al., 2005) . However, they are not associated with the latitudinal distribution of the accessions. Toomajian et al. (2006) suggested that two major non-functional alleles of FRI, FRI Col and FRI Ler , were selected during the last few thousand years in association with the domestication of crops, perhaps by conferring weediness. This relatively recent spreading of these non-functional alleles and the possible dispersal of Arabidopsis genotypes with human migration could be the reason for the lack of clear association with the latitudinal distribution of the accessions.
By contrast, only the presence of functional alleles of FRI, two major FLC alleles, FLC A and FLC B , can explain some of the latitudinal distribution in Eurasia and North Africa. This offers very strong evidence that natural selection against natural variations in FLC produced the latitudinal cline. Therefore, the recent non-functionalization of FRI might result in rapid disturbance of the FLCdependent latitudinal cline (Caicedo et al., 2004; Shindo et al., 2005 Shindo et al., , 2006 . Therefore, some epistatic relationships between FRI and FLC can be speculated from the geographical distribution of Arabidopsis accessions, and these were consistent with analysis of flowering-time phenotypes of fri and flc mutants in the laboratory. These results suggest that diversification of FLC, but not FRI, is a major reason for adaptation to local areas ( Fig. 1 ). There is still no good explanation for why non-functional alleles of FRI have not contributed to a latitudinal cline in Arabidopsis accessions. Loss of function of FRI may result in broader adaptability of A. thaliana than that permitted by FLC variations. Further study is required. The complex nature of natural selection for different flowering-time genes in Arabidopsis accessions along the latitudinal cline provides an example of evolution in plants. The evidence clearly indicates that the winterannual ecotype is the default in A. thaliana. Therefore, it is possible that the emergence of summer-annual ecotypes has occurred repeatedly in the history of A. thaliana, and some ancient summer-annuals may have gone extinct.
In addition, natural variations in photoreceptor genes, such as CRYPTOCHROME 2 and PHYTOCHROME C (PHYC), are also involved in adaptation to local areas among Arabidopsis accessions Balasubramanian et al., 2006) . In particular, natural variations in PHYC may partly explain the latitudinal cline. It is noteworthy that phyC is not required for longday promotion of flowering in A. thaliana in the laboratory. Therefore, biological functions of phyC other than floral transition, such as growth control, may be involved in this adaptation. So far, there is no evidence that the long-day promotion pathway mediated by CO and GI has been a target for natural selection (Alonso-Blanco et al., 2005) . Taken together, these results suggest that long-day floral promotion is not a critical factor in the adaptation of A. thaliana to local areas. Deficiencies in this long-day promotion pathway may cause mutations that are deleterious to the propagation of Arabidopsis, although it is noteworthy that the long-day floral pathway may not be essential for survival, because late-flowering mutants of gi are a kind of vital mutant in A. thaliana. Therefore, the role of natural variations in this pathway in Arabidopsis adaptation is still an open question.
Molecular mechanisms of flowering-time regulation in rice
Heading date 1 (Hd1) is one of the first flowering-time genes cloned from rice (Yano et al., 2000) . Hd1 was originally identified as a QTL in crosses between two cultivars in different subspecies of cultivated rice, Kasalath (ssp. indica) and Nipponbare (ssp. japonica) (Yano and Sasaki, 1997; Yano et al., 2000 Yano et al., , 2001 . Recent works have revealed that these subspecies are likely to have evolved in at least two independent domestication processes (Vitte et al., 2004; Londo et al., 2006) . Here, the Kasalath allele of Hd1 contains some null mutations in the coding region (Yano et al., 2000) . Phylogenetic analysis revealed that Hd1 is a CO orthologue (Izawa et al., 2003) . But, whereas CO promotes flowering under long-day conditions, Hd1 promotes it under short-day conditions and represses it under long-day conditions (Yano et al., 2000; Izawa et al., 2002 Izawa et al., , 2003 . Hd3a, another QTL of flowering-time in rice is an FT orthologue and is regulated by Hd1 (Izawa et al., 2002; Kojima et al., 2002) , and Hd3a protein functions as a florigen (Tamaki et al., 2007) . These clues clearly indicate that the evolutionally conserved floral induction mechanism is involved in photoperiodic control of flowering in plants and has diversified among long-day and short-day species. Because CDF1 and FKF1 have homologues in rice, it is possible that Hd1 stability is regulated similarly as in A. thaliana. However, the activation of Hd3a by Hd1 around dawn (Izawa et al., 2002) cannot be explained by mimicking of the rapid degradation of CO protein under darkness. Thus, the genetic modification of this conserved pathway in rice must be elucidated in order to explain the diversification of flowering-time genes in plants.
Another flowering-time gene of rice, termed Early heading date 1 (Ehd1), encodes a B-type response regulator, with possibly no orthologue in A. thaliana (Doi et al., 2004) . Ehd1 promotes floral transition preferentially under short-day conditions even in the absence of functional alleles of Hd1. Therefore, Hd1 and Ehd1 function redundantly under short-day conditions but antagonistically under long-day conditions (Fig. 2) . This antagonistic action makes it possible for rice to flower even under long-day conditions. In fact, under long-day conditions, rice plants carrying a functional Hd1 and a non-functional Ehd1 did not flower even after 180 d (Doi et al., 2004) . Extensive expression analysis revealed that Ehd1 is preferentially expressed under short-day conditions and acts upstream of FT orthologues such as Hd3a (Doi et al., 2004) .
These results clearly indicate that two independent floral pathways, the evolutionally conserved Hd1 pathway and the unique Ehd1 pathway, integrate environmental photoperiod signals into the expression of FT orthologues such as Hd3a and make rice a short-day plant (Izawa et al., 2003; Izawa, 2007) . North by north-east: the adaptation of rice by artificial selection during domestication Rice is a major crop and a staple food. Cultivated rice, O. sativa, and a wild rice, Oryza rufipogon, are believed to be derived from the same common ancestor (Khush, 1997; Vitte et al., 2004) . Oryza rufipogon is broadly distributed around Indochina, from southern China to eastern India, mainly at tropical latitudes (Londo et al., 2006) . Its northern limit is currently around 28°N (Fig. 3) . Palaeobotanical studies revealed that the northern limit of the ancestral wild rice was near the Yangtze River basin in China at around 31°N several thousand years ago (Cao et al., 2006; Lee et al., 2007) . By contrast, cultivated rice is distributed widely, and its northern limit is currently around 45°N (Fig. 3) . This expansion has been made possible by domestication and breeding during the past several thousand years. It is apparent that strong artificial selection by humans has adapted rice to these broader areas.
This northward expansion of rice into cold regions is largely due to changes in the flowering time of cultivars, in addition to the acquisition of cold-tolerance traits. At higher latitudes, early flowering and reduced photoperiodsensitive traits are essential to producing a harvest before approaching cold weather makes plants sterile. There is likely to be an association between the northward expansion of rice and natural variations in flowering-time genes. In fact, it is well known that many rice cultivars exhibit a latitudinal cline in flowering time. This cline has a simple explanation. Because at higher latitudes the periods for flower formation, meiosis in pollen development, and embryogenesis become limited, critical control of flowering time is essential for rice cultivation. The domestication and breeding of rice for northern regions might have included steps that changed flowering time.
A possible molecular mechanism involved in the adaptation of rice to the north Several nearly isogenic lines (NILs) containing a genome fragment from Kasalath with a defective Hd1 allele flowered earlier than the background cultivars (such as Nipponbare and Koshihikari) in Ibaraki prefecture (;36°N), in mainland Japan [Ebitani et al., 2005; Takeuchi et al., 2006 ; http://ineweb.narcc.affrc.go.jp/ search/inedata_top.html?ineCode¼KANI0010 (in Japanese)] (Fig. 3) . As described earlier, Hd1 promotes flowering under short-day conditions and represses it under longday conditions in the laboratory. Therefore, the earlyflowering traits of the NILs in the field indicate that the background cultivar flowered under a natural environment mimicking long-day conditions in the laboratory. Based on dates of flowering time in the field, the photoperiod at the floral transition was calculated and it was confirmed that the floral transition occurred under longday conditions. In paddies at lower latitudes, the earlyflowering phenotypes of the NIL became less clear. In the paddy at around 31°N in Miyazaki prefecture (Fig. 3) , there was virtually no flowering-time difference between the NIL and their parent cultivars, indicating that the longday Hd1 repressor activity was cancelled under the natural conditions in the Miyazaki paddy [http://ineweb.narcc. affrc.go.jp/search/inedata_top.html?ineCode¼KANI0010 (in Japanese)]. Estimated dates of floral transition were just after the summer solstice in the paddy at 36°N and much earlier at 31°N. Therefore, short-day induction by decreasing day-length after the solstice was not involved in the flowering of rice in these paddies. These floweringtime phenotypes also clearly suggest that Ehd1 plays a critical role in flowering in the field at temperate latitudes, because functional alleles of Hd1 in the presence of a non-functional Ehd1 allele almost suppressed flowering under long-day conditions (Doi et al., 2004) . In paddies at temperate latitudes (above ;31°N), the balance Fig. 3 . Local distribution of wild and cultivated rice and the northward spread of rice during domestication in the last 10 000 years. Note that the geographical origin overlaps with the estimated northern limit of common ancestral rice. Place names are mentioned in the text. between Hd1 repression and Ehd1 promotion could be critical to determining the appropriate flowering time in certain rice cultivars (Fig. 2) . In fact, there are at least two major functional alleles of Hd1, one of which contains a 36 bp deletion in the conserved B-box zinc finger domain; these may have different effects on flowering time of cultivars grown in Japan (Griffiths et al., 2003; Nakazaki et al., 2003) .
By contrast, on tropical Okinawa (;24°N; Fig. 3) , the same NIL with the defective Hd1 flowered a little later than the background cultivar (I Ando, NICS, personal communication), suggesting that the flowering was due to floral promotion by Hd1 at this latitude. It is likely that rice grows and flowers in Okinawa under a natural environment mimicking short-day conditions in the laboratory. In the tropics, the maximum photoperiod is shorter and the warm season is longer than those at temperate latitudes, and rice farmers in the tropics sometimes raise three crops a year. Therefore, at the lower latitudes, floral transition under short-day conditions plays a more important role than at higher latitudes. In addition, because Kasalath contains a defective allele of Hd1 (Yano et al., 2000) , the mutation, which may have occurred during the domestication of Kasalath-type indica rice (sometimes called 'aus') (Garris et al., 2005) , may have been favoured due to the longer vegetative phase and higher yield conferred in the tropics. Therefore, this allele may have underlain the cultivation of rice in Indochina (Londo et al., 2006) . These examples clearly suggest that the short-day promotion of rice by Hd1 plays a role in the field at tropical latitudes.
In addition, Taichung 65 (T65), which is a cultivar grown in Taiwan (;24°N; Fig. 3 ), contains nonfunctional alleles of both Hd1 and Ehd1, as identified previously by Doi et al. (2004) . This non-functional allele of Ehd1 was the allele present when Ehd1 was identified as a QTL. It was further demonstrated that the nonfunctional allele of Hd1 is due to the insertion of a retroelement. Both non-functional alleles are naturally occurring and are thought to have been selected during breeding (Doi et al., 2004) . T65 is a late-flowering cultivar and does not flower early even under short-day conditions in the laboratory, because both Hd1 and Ehd1 floral promotion pathways are defective. Under long-day conditions in the laboratory, the loss of both Hd1 inhibition and Ehd1 promotion makes T65 flower relatively late. Thus, the combination of loss-of-function alleles of Hd1 and Ehd1 may increase yield in the tropics, because cultivars with both non-functional alleles would grow longer before flowering in warm climates regardless of the natural photoperiod.
These examples demonstrate how the combination of Hd1 and Ehd1 alleles is important for flowering-time traits in rice. Thus, the identification of novel alleles with distinct biological functions would provide clues to the domestication of rice cultivars and would have an agronomic impact on future breeding. The association of flowering-time traits with Hd1 and Ehd1 haplotypes in rice cultivars awaits study.
Compared with these examples of adaptations in rice, there does not yet seem to be any good explanation at the molecular level for flowering-time traits of some rice cultivars grown at the northern limit, such as Sapporo, Japan (;43°N). The flowering time of these cultivars is very early compared with those of typical cultivars at temperate latitudes, and these cultivars exhibit little photoperiod response in the laboratory. Preliminary data suggest that Hd3a is up-regulated in seedlings of these cultivars, which may be a major reason for their very early flowering and photoperiod-insensitivity. However, because this de-repression of Hd3a has not been observed in some hd1-defective lines (Izawa et al., 2002) , the early flowering in the northern cultivars is not due simply to hd1 mutations. This ectopic expression of Hd3a is reminiscent of the phytochrome-deficient mutant se5 (Izawa et al., 2000 (Izawa et al., , 2002 , indicating that an unknown strong repressor of Hd3a expression may be regulated by phytochromes and may be defective in these northern cultivars. These clues suggest that the northern rice cultivars have distinct mechanisms regulating their early flowering.
Thus, the adaptation of rice cultivars to local regions at distinct latitudes can be partly explained by three types of photoperiodic control of flowering: short-day floral promotion with redundant actions of two promotion pathways by Hd1 and Ehd1; long-day floral repression with antagonistic actions by Hd1 and Ehd1; and early flowering due to de-repression of Hd3a expression by unknown (Table 1) . These variations in flowering-time regulation among rice cultivars at least partly allowed rice to adapt to the tremendously broad range of environments by artificial selection during domestication and breeding.
Perspectives
Strong artificial selection during the domestication of cultivated rice drew on the potential for adaptation present in ancient wild rice. Further association studies in cultivars and accessions will be needed to confirm this. Arabidopsis accessions have provided enough clues to study this genus, although its evolution processes would reflect its long life history and may be more complicated than that of domesticated crops. Similar dramatic changes of agronomic traits during plant domestication are often apparent. Loss of seedshattering traits in rice grains, morphological changes in plant architecture in maize, size changes of tomato fruits, changes in panicle morphology in barley, and floweringtime in barley and wheat are well-known examples analysed by molecular genetics (Frary et al., 2000; Doebley et al., 2006; Konishi et al., 2006; Li et al., 2006; Cockram et al., 2007; Komatsuda et al., 2007) . Molecular genetic analysis of crops has made it possible to identify genes and functional nucleotide polymorphisms (FNPs) targeted by artificial selection. Furthermore, it is apparent that these FNPs have served as a foundation of agriculture and have thus contributed to the establishment of civilization and human culture. The identification of such FNPs will provide genetic resources for future breeding of crops and novel insights for new applications in different crops, in addition to novel findings of molecular mechanisms in plant biology and molecular evolution of plants.
